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a b s t r a c t
Hormonal control of development during the human perinatal period is critically important and
complex with multiple hormones regulating fetal growth, brain development, and organ maturation
in preparation for birth. Genetic and environmental perturbations of such hormonal control may cause
irreversible morphological and physiological impairments and may also predispose individuals to
diseases of adulthood, including diabetes and cardiovascular disease. Endocrine and molecular
mechanisms that regulate perinatal development and that underlie the connections between early life
events and adult diseases are not well elucidated. Such mechanisms are difﬁcult to study in uterus-
enclosed mammalian embryos because of confounding maternal effects. To elucidate mechanisms of
developmental endocrinology in the perinatal period, Xenopus laevis the African clawed frog is a valuable
vertebrate model. Frogs and humans have identical hormones which peak at birth and metamorphosis,
have conserved hormone receptors and mechanisms of gene regulation, and have comparable roles for
hormones in many target organs. Study of molecular and endocrine mechanisms of hormone-dependent
development in frogs is advantageous because an extended free-living larval period followed by
metamorphosis (1) is independent of maternal endocrine inﬂuence, (2) exhibits dramatic yet conserved
developmental effects induced by thyroid and glucocorticoid hormones, and (3) begins at a develop-
mental stage with naturally undetectable hormone levels, thereby facilitating endocrine manipulation
and interpretation of results. This review highlights the utility of frog metamorphosis to elucidate
molecular and endocrine actions, hormone interactions, and endocrine disruption, especially with
respect to thyroid hormone. Knowledge from the frog model is expected to provide fundamental insights
to aid medical understanding of endocrine disease, stress, and endocrine disruption affecting the
perinatal period in humans.
& 2015 Elsevier Inc. All rights reserved.
Hormonal control of human perinatal development
Maturational changes in vital organs such as the lungs, liver,
kidneys, and gut occur several weeks before birth in humans in
preparation for extra-uterine life (Liggins, 1994). These changes
ensure activation of physiological processes essential for survival
immediately at birth, such as pulmonary gas exchange, adapta-
tions in cardiac function, hepatic gluconeogenesis, and thermo-
genesis. The fetus also increases in size dramatically in the weeks
before birth, and development of the brain and nervous system
continue apace throughout the perinatal period (Patel et al., 2011;
Sferruzzi-Perri et al., 2013). Regulation and coordination of these
post-embryonic developmental events, as well as the timing of
birth itself, are accomplished by many hormones, where thyroid
hormone (TH) and glucocorticoids (GCs) in particular play promi-
nent and widespread roles (Fowden and Forhead, 2013).
Deviations from normal TH or GC signaling, arising from
congenital endocrine diseases in the mother or fetus or from en-
vironmental insults, for example nutrition stress or medical
interventions, can cause deleterious alterations in organ matura-
tion and timing of birth. Similarly, endocrine disrupting chemicals,
which alter TH or GC action, synthesis, or degradation during
critical developmental windows, can also dramatically perturb
normal development (Fudvoye et al., 2014; Préau et al., 2015).
Low TH availability to the fetus or newborn causes cretinism
characterized by mental retardation, short stature, and impaired
development of the neuromotor and auditory systems (Delange,
2005). Also, mutant TH receptors, plasma membrane TH transpor-
ters, and cytosolic TH binding proteins cause various forms of
resistance to TH and hypothyroidism (Abe et al., 2003; Refetoff,
2005; Visser et al., 2010). Even mild reductions in maternal TH
signaling in early pregnancy are associated with reduced IQ in
offspring (Biondi and Cooper, 2008). Such critical dependence on
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appropriate TH levels for proper brain development highlights the
importance of careful control of timing and dose of TH treatments
to minimize negative effects on nervous system development
(Nunez et al., 2008).
GCs are essential for survival at birth, most critically for
inducing lung surfactant, but also for inducing organ maturation
in the brain, intestine, liver, and kidney (Fowden et al., 1998;
Fowden and Forhead, 2009; Grier and Halliday, 2004; Liggins,
1994). Consequently, synthetic GCs are routinely used to induce
organ maturation and avoid neonate suffocation by lung atelec-
tasis in cases of preterm delivery. On the other hand, fetal stress
and elevated GCs experienced early in life are associated with life-
long negative health consequences, including cardiovascular dis-
ease, diabetes, and obesity (Harris and Seckl, 2011).
These signiﬁcant health consequences from genetic or environ-
mental changes in the hormonal regulation of perinatal develop-
ment motivate efforts to look for treatment options to regulate
organ maturation and the timing of birth while mitigating long-
term side effects. Unfortunately, many mechanisms pertinent to
perinatal endocrinology are not well understood. For example, the
extent to which TH alters development of the tissues, such as the
autonomic nervous system, either prenatally or in the long term
and the developmental and epigenetic mechanisms by which
hormones act and interact at the cellular and molecular levels in
utero still remain largely unknown. Such knowledge is required to
better diagnose and treat or prevent medical issues from maternal
endocrine disease, stress, or endocrine disruption that may affect
perinatal development.
In order to elucidate mechanisms in developmental endocri-
nology and generate preventative and therapeutic strategies,
animal models are required. Also, the fact that the rate of preterm
delivery is increasing despite extensive efforts to stop it points to
the importance of broadening the net of basic research to develop
treatment options (Goldenberg et al., 2008; Wang et al., 2014).
Studying the endocrine control of frog metamorphosis has con-
tributed to understanding hormonal control of post-embryonic
developmental events, particularly with respect to the roles of TH
and GCs (Denver et al., 2009; Shi, 1999). Historically, key insights
into hypothalamic and pituitary control of TH and GC secretion
(Allen, 1938; Dodd and Dodd, 1976), the effects of TH on mRNA and
protein synthesis (Tata, 1965; Tata, 1966), morphological and
biochemical changes induced by TH during development (Fox,
1983; Frieden and Just, 1970), and identiﬁcation of TH response
genes (Brown et al., 1995) have stemmed from metamorphosis
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Fig. 1. Hormone structures and developmental proﬁles. (A) Cortisol is released from the adrenal gland in humans and ﬁsh, whereas corticosterone is released in mice and
frogs. Both cortisol and corticosterone bind the two GC receptors, Type I and Type II with high afﬁnity. (B) Thyroxine (T4) is the prohormone form of TH, and tri-
iodothyronine (T3) is the active form, and the structure of these hormones is identical among all vertebrates. Two TH receptors exist in all vertebrates, TH receptor alpha and
TH receptor beta (TRα and TRβ), and both receptors bind T3 with 10-fold higher afﬁnity than T4. (C) Diagram of developmental proﬁles of hormone levels in the blood in
humans and frogs. The plasma levels of TH and GCs peak in the blood at birth in humans and metamorphosis in frogs. Proﬁle curves were extracted from (Carr et al., 1981;
Hume et al., 2004;Jolivet Jaudet and Leloup Hatey, 1984;Leloup and Buscaglia, 1977;Tata, 1993).
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research. Recent reviews on amphibian metamorphosis detail the
molecular and developmental mechanisms of hormone action in
frogs (Brown and Cai, 2007; Denver et al., 2009; Grimaldi et al.,
2013; Ishizuya-Oka, 2011). To a large degree, the extensive
research on hormonal control of development in frogs and
mammals is not directly comparable in detail because of the
different perspectives. Frog researchers rarely treated tadpoles
with hormones to better understand endocrine diseases found in
humans, and research on the endocrinology of birth has not had
dramatic hormone-induced morphology to elucidate. This review
attempts to bring these two paradigms closer together by focusing
on the current need and utility of the frog model to elucidate
developmental actions of TH and GCs, what the model has
accomplished, and future promises of the model with respect to
understanding the hormone regulation of human perinatal deve-
lopment.
Birth and metamorphosis
Signiﬁcant parallels can be drawn between frog metamorpho-
sis and mammalian birth (Tata, 1993; Wada, 2008). Both frogs and
mammals undergo a life history transition from aquatic (amniotic
ﬂuid or water) to terrestrial habitat with air-breathing and lung
maturation, during which they (1) transition to a new food source
accompanied by the maturation of the intestine to the adult form,
(2) switch from the fetal or larval to adult type of hemoglobin,
(3) increase production of albumin and other plasma proteins,
(4) induce urea cycle enzymes in the liver, (5) undergo skin
keratinization, (6) have limb elongation, and (8) experience devel-
opmental progression and restructuring of the central and per-
ipheral nervous systems.
Underlying these conserved developmental events are con-
served endocrine components. The same hormones, GCs and TH
(Fig. 1A and B), experience peak plasma levels at birth in humans
(Carr et al., 1981; Hume et al., 2004; Kawahara and Yokoya, 2002)
and at metamorphosis in frogs (Jolivet Jaudet and Leloup Hatey,
1984; Leloup and Buscaglia, 1977) (Fig. 1C). In rodents, GCs peak at
birth and at weaning 15 days post-partum, and TH peaks only at
weaning (Hadj-Sahraoui et al., 2000; Lamers et al., 1986). Con-
servation is also observed in hormone receptors (Fig. 2A and B).
Furthermore, gene regulation by TH involves structurally well-
conserved TH receptor isoforms (alpha and beta), heterodimer
partners (retinoic acid receptors alpha, beta, gamma), and
receptor-associated co-repressors and co-activators that bind
canonical TH response elements in enhancer or promoter regions
of TH target genes (Buchholz et al., 2006). Similarly, GCs bind
conserved Type I and Type II GC receptors, which are cytoplasm-
resident nuclear receptors that travel to the nucleus upon hor-
mone binding to alter gene expression (Kulkarni and Buchholz,
2014; Ratman et al., 2013).
Like the hormones and their receptors, many known develop-
mental roles of TH and GCs are comparable in frogs and humans.
During the perinatal period and metamorphosis, numerous organs
require the action of hormones for proper development (Fig. 3).
Intrauterine exposure to GCs in humans and other mammals and
treatment of tadpoles with GCs (1) reduces overall growth rate
(Dodd and Dodd, 1976; Fowden, 1995; Reinisch et al., 1978)
(2) causes a marked increase in the accumulation of liver glycogen
(Forhead et al., 2009; Hanke and Leist, 1971) (3) causes regression
of lymphoid tissue in the spleen and thymus regresses late in fetal
life (Liggins, 1994; Rollins-Smith et al., 1997) (4) can permanently
alter responsiveness of the stress hormone axis through to adult-
hood (Braun et al., 2013; Hu et al., 2008; Reynolds, 2013). For TH,
neuronal proliferation in the central nervous system begins very
early in human fetal development and is one of the earliest TH-
dependent events in tadpoles as well (Kollros, 1981; Patel et al.,
2011). TH is also required early in metamorphosis for skeletal
growth, and short stature is a hallmark of cretinism caused by
perinatal and neonatal TH deﬁciency in humans (Dodd and Dodd,
1976; Van Vliet, 2005). In several organs, TH and GC appear to
have extensive interactions in common between frogs and
humans, such as in lung structural maturation (Buchholz, unpub.
data) (Forhead and Fowden, 2014), intestinal structural develop-
ment (Ishizuya-Oka and Shimozawa, 1991; Ishizuya-Oka, 1996;
Sirakov and Plateroti, 2011; Trahair and Sangild, 1997), and
intestinal digestive enzyme expression (El Maraghi-Ater et al.,
1986; Henning et al., 1994). In conclusion, TH-dependent devel-
opment in frogs can serve as a model for perinatal events in
humans because the hormones, their receptors, molecular
mechanisms, and developmental roles of TH and GC signaling
are conserved to a high degree.
Advantages of the frog model for hormonal control of
development
The study of perinatal endocrinology in mammals is compli-
cated by several issues. First, fetal tissues are constantly exposed to
maternal hormones through the placenta (Forhead and Fowden,
2014). Consequently, endocrine regulation of fetal development is
not independent of inﬂuence by the mother, and manipulation of
fetal endocrine signaling is difﬁcult to achieve without pathologi-
cally disrupting maternal endocrine physiology. Using free-living
tadpoles, study of endocrine regulation on a developing organism
isolated from maternal inﬂuence is possible. Second, receptor
function cannot be studied in plus or minus hormonal states
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Fig. 2. Structure and conservation of TH and GC nuclear receptors. (A) The receptors
for GCs and TH belong to the family of ligand-activated nuclear receptors and share a
common structure with a variable A/B transactivation domain, the conserved C domain
or DNA binding domain (DBD), the hinge region (D domain), and the E/F ligand
binding domain (LBD) where co-repressors and co-activators also bind. (B) The percent
similarity comparisons in amino acid sequence between human, mouse, frog (Xenopus
laevis), and zebraﬁsh (Danio rerio) were done using full-length protein sequences. For
each comparison, the sequence divergences are predominantly due to disparity in the
A/B domains rather than the conserved DBD or LBD.
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Fig. 3. Hormone target organs in common at birth and metamorphosis. Many
organs require GC and TH hormone signaling for proper development in humans
and frogs (Brown and Cai, 2007;Dodd and Dodd, 1976;Forhead and Fowden, 2014;
Fowden and Forhead, 2013;Liggins, 1994).
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under normal developmental conditions in mammals. In contrast,
undetectable hormones levels occur naturally during the frog
larval period prior to metamorphosis (Leloup and Buscaglia,
1977). Precise timing of change from the unliganded to the
liganded state is readily achieved by addition of hormones to the
rearing water mimicking natural metamorphosis (Shi, 1999). Third,
the lower cost by at least a factor of 100 of husbandry in frogs
versus mice should not be overlooked in the light of tight federal
budgets. Fourth, the frog model provides direct observation and
manipulation at the developmental stages that are comparable to
fetal stages in mammals. Tadpoles are easily accessible throughout
their development and take up TH and GCs from the aqueous
rearing medium, where consequent metamorphic changes in gene
expression and morphology occur at a rate and degree unequaled
among terrestrial vertebrates.
Accomplishments of the model
In-vivo molecular mechanisms of TH action during development
In-vitro cell culture studies showed that TH receptors repress
gene expression in the absence of TH and activate those same
genes when TH is added (Damm et al., 1989; Sap et al., 1989).
However, a mechanistic connection between the dual action of TH
receptors on gene regulation in vitro and a developmental role for
TH receptors was in need of elucidation. To that end, TH receptor
knockout mice and dominant negative TH receptors in knock-in
mutant mice that mimic human diseases clearly showed develop-
mental defects in nervous system and skeletal growth among
other defects due to lack of TH gene induction (Flamant and
Samarut, 2003). On the other hand, few developmental roles for
TH receptors in the absence of TH in mice and none in humans
have been identiﬁed (Bernal and Morte, 2013). Direct evidence in
mice for unliganded TH receptors was shown in TH receptor alpha
knockout mice in cerebellum (Morte et al., 2002), heart (Mai et al.,
2004), and cochlea (Winter et al., 2007). A mutant phenotype was
seen in cochlea only in hypothyroid but not euthyroid conditions.
Mutant receptor-related phenotypes exposed by hypothyroid
conditions, which are not uncommon in women of reproductive
age and occur naturally in tadpole development, points to frog
metamorphosis as an important and convenient model to study
developmental roles of unliganded TH receptors.
A dual function model (Fig. 4) for the role of TH receptors in
development was proposed upon cloning of the Xenopus receptors
(Yaoita et al., 1990) and elaborated later (Buchholz et al., 2006;
Sachs et al., 2000; Shi, 2009). The dual function model states that:
(1) TH receptors act to recruit co-repressors and reduce expression
of genes involved in developmental progression in the absence of
TH to allow continued growth, and (2) upon TH release into
circulation, liganded TH receptors bind co-activators and induce
the previously repressed genes to initiate TH-dependent events.
Strong evidence exists for all aspects of this model, derived
comprehensively from the frog system where precise control and
assessment of TH action is most feasible.
Pioneering in-vivo application of the chromatin immunopreci-
pitation assay, which quantiﬁes DNA binding by proteins using
speciﬁc antibodies, used chromatin isolated from tadpoles treated
with and without TH (Sachs and Shi, 2000). In the absence of TH,
TH receptors recruit co-repressors, which deacetylate histones and
repress gene expression and, in the presence of TH, TH receptors
favor binding to co-activators to acetylate and methylate histones
promoting gene induction, as observed in vitro (Fig. 4) (Shi, 2009).
The developmental consequences of this TH-dependent chromatin
remodeling and gene regulation were then functionally validated
using transgenic frogs overexpressing TH-interacting cofactors and
their various dominant negative forms. Blocking co-repressor
activity by a dominant negative NCoR (Sato et al., 2007) or
TALEN-mediated knockout of TH receptor alpha (Choi et al.,
2015; Wen and Shi, 2015) resulted in de-repression of TH response
genes important for metamorphosis causing precocious initiation
of metamorphic events. Blocking co-activator activity using domi-
nant negative TH receptor, SRC3, or p300 inhibited histone
acetylation, gene induction, and developmental progression
(Buchholz et al., 2003; Paul et al., 2005; Paul et al., 2007). These
critical in-vivo validation steps in the molecular mechanisms of TH
and TH receptors established the dual function model for the role
of TR in development applicable across vertebrates.
Endocrine disruption
Endocrine disruption by man-made small molecules alters
hormone synthesis, metabolism, or action and poses a great
concern for human health (de Cock et al., 2014; DiVall, 2013;
Schug et al., 2011). The ease of hormone or chemical treatment of
free-living tadpoles makes them amenable to be an intact, verte-
brate model for the biological activity of TH receptor agonists and
antagonists, TH receptor isoform-speciﬁc actions, and endocrine
disrupting effects of environmental contaminants on early devel-
opment in general. The in-vivo effectiveness of the ﬁrst TH
receptor antagonist, NH3, was initially shown in tadpoles (Lim et
al., 2002), where it blocked natural and TH-induced metamorphic
events. Likewise, the isoform-selective agonist, GC-1, which pre-
ferentially binds and transactivates mammalian TH receptor beta
compared to alpha, induced metamorphic changes in tadpole
tissues known to induce high levels of TH receptor beta compared
to tissues that express high levels of TH receptor alpha (Furlow et
al., 2004).
Many chemicals and chemical mixtures have been tested for
their effects on tadpole development by simply adding chemicals
to the tadpole rearing water and analyzing effects of gene expres-
sion and morphology (Hayes et al., 2006; Heimeier and Shi, 2010;
Säfholm et al., 2014; Searcy et al., 2012). By virtue of the small size
of early tadpoles, medium-throughput assays have been devel-
oped to measure the effect of chemicals on TH-dependent gene
expression. One week-old free-living, post-embryonic tadpoles are
small enough to ﬁt into a 96-well plate for assay using a
ﬂuorescence plate reader. A transgenic frog line was produced
that express green ﬂuorescent protein (GFP) under control of
promoter sequences from the highly sensitive and ubiquitously
expressed TH-response gene, TH/bZIP (Fini et al., 2007). Upon
treatment with TH or chemicals that affect TH signaling, the
translucent tadpoles express GFP quantitated using a plate reader.
This transgenic frog line is currently being marketed to assess
endocrine disruption capability of test samples from homes and
hospitals and is being used to monitor water quality on-site before
and after wastewater treatment (Gies, 2013).
Bisphenol A (BPA) is a well-known xenoestrogen that affects
sexual development in mouse and humans (Mileva et al., 2014),
but BPA had effects on brain development not known to be
regulated by estrogens (Heimeier and Shi, 2010). Insight came
when BPA was discovered to inhibit frog metamorphosis via
antagonizing TH-dependent development and gene regulation
(Goto et al., 2006; Iwamuro et al., 2003; Iwamuro et al., 2006).
The ability of BPA to bind to both estrogen and TH receptors to
elicit disruption makes it very difﬁcult to study the actions of BPA
during mammalian development because of estrogenic actions in
the fetus. Due to limited effects of estrogens on metamorphic
events, frog metamorphosis is a suitable in-vivo model to evaluate
the effects of BPA on TH function during development, where
global analysis of gene expression has been done (Heimeier and
Shi, 2010; Heimeier et al., 2009).
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Hormone interactions
Synergism between TH and GCs has been observed in a number
of prepartum maturational processes, especially in lung, liver, and
brain (Barker et al., 1991; Forhead and Fowden, 2014; Fowden et al.,
1998; Fowden et al., 2001; Hillman et al., 2012; Mendelson and
Boggaram, 1991). Such hormone synergy is due, in part, to GC-
induced ontogenic changes in tissue deiodinase activities that
increase circulating concentration of T3 (tri-iodothyronine, the active
form of TH) in the fetus toward term (Forhead et al., 2006; Fowden
and Forhead, 2009). In turn, the prepartum increase in T3 bioavail-
ability in the fetus may mediate, at least in part, the maturational
effects of both endogenous GCs and exogenous GCs given as a clinical
treatment to improve neonatal viability in threatened or actual pre-
term delivery (Forhead and Fowden, 2014). As in mammals, GCs
synergize with TH to increase the rate of developmental progression
in many tissues, and this synergy works in part by GC-regulated
deiodinase expression that increases T3 bioavailability as well as
increases TH receptor expression (Bonett et al., 2010; Denver et al.,
2009; Denver, 2013; Galton, 1990; Kulkarni and Buchholz, 2014).
In contrast to synergism between these two hormones during
development on morphology, their synergy at the level of gene
regulation is largely unknown. The best-studied example comes
from frogs, where TH and GCs synergize to induce KLF9 expression
in all tissues examined, and the molecular mechanism of this
synergy has been localized to a “synergy module”, i.e., a genomic
enhancer region with TH and GC receptor binding sites
(Bagamasbad, 2012; Bagamasbad et al., 2008). Similar synergy
was later identiﬁed at the KLF9 locus in mouse brain (Denver and
Williamson, 2009). Taking advantage of negligible levels of GC and
TH in premetamorphic tadpoles, a systematic study of TH and GC
interaction in gene regulation was conducted using microarray
analysis of hormone-treated tadpoles (Kulkarni and Buchholz,
2012). The diversity of TH/GC interactions identiﬁed on gene
regulation was surprising given that synergy was the only pre-
viously known interaction effect between TH and GC. As expected,
genes regulated by only TH or only GC were identiﬁed, as well as
genes that required both hormones for regulation. However,
nearly 20% of the more than 5000 genes regulated by one or both
hormones had novel, antagonistic interactions between the two
hormones. These data greatly expanded the understanding of the
hormonal cross-talk underlying TH and GC control of development
in a way not predicted based on previously known effects of these
two hormones. Further analysis is required to elucidate the
signiﬁcance of this diversity of interaction effects for development.
The ease of the frog system to identify previously unknown
diversity of interactions between these two hormones can be
applied to additional hormone interactions in development.
Developmental origin of intestinal stem cells
Many developmental events dependent on TH in frogs do not
appear to require TH for normal morphological development in
humans throughout fetal development, including limbs, intestine,
gene switching in liver, and skin development (Wasan et al., 2005).
Nevertheless, the frog model for perinatal development can be used
to understand mechanisms of developmental events by virtue of the
dramatic requirement for TH, which provides a unique “hook” or
“tool” to probe development mechanisms common to all vertebrates
(Tata, 1993). The most thorough example is in intestinal remodeling,
which transitions from the long, simple hollow tube with thin
connective tissue and muscle in tadpoles to the short, muscular tube
with numerous in-foldings of epithelium into the gut lumen in adults
(McAvoy and Dixon, 1977; Shi and Ishizuya-Oka, 1996; Shi and
Ishizuya-Oka, 2001). The human intestine goes through a period of
remodeling in the 6–8 week human fetus reminiscent of the larval to
adult transition during intestine metamorphosis, though without
known involvement of TH or GC (Montgomery et al., 1999; Wasan et
al., 2005). All intestinal epithelial cells are capable of proliferation in
fetal mammals and tadpoles, whereas the transition to a niche/stem
cell structure is triggered by TH only in frogs (Ishizuya-Oka and Shi,
2011). In rodents, villus and crypt formation, presumably with stem
cells, occurs before and after birth, respectively, but before TH-
dependent remodeling at weaning (Sirakov and Plateroti, 2011).
Signaling through TH receptors is required for proper morphological
development in mice (Plateroti et al., 1999), but the ability to induce
stem cell formation with exogenous TH in frogs provides a unique
window and level of control into the developmental mechanisms of
intestinal development not readily available in other models.
While most intestinal epithelial cells undergo apoptosis at
metamorphosis, a subpopulation of proliferative epithelial cells
lining the immature intestinal lumen undergo dedifferentiation
UnligandedTH receptor LigandedTH receptor
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• corepressorsrecruited
• promoter hypoacetylation
• differentiation inhibited
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• TH receptors present
• TH present
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• promoter hyperacetylation
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Fig. 4. Dual function model for the role of TH receptors in gene regulation and development. Unliganded TH receptor: in the absence of TH, TH receptors inhibit TH-
dependent differentiation by forming heterodimers with RXR (retinoid X receptor), binding promoter or enhancer regions of TH-response genes, recruiting co-repressors to
deacetylate histones, and repressing gene expression. NCoR-nuclear co-repressor, HDAC3-histone deacetylase 3, TBL1- transducin beta-like protein 1, GPS2-G protein
pathway suppressor 2. Liganded TH receptor: In the presence of TH, TH receptors initiate TH-dependent development by forming heterodimers with RXR (retinoid X
receptor), binding promoter or enhancer regions of TH-response genes, recruiting co-activators to acetylate histones, and inducing gene expression. SRC-steroid receptor co-
activator, p300/CBP-cAMP response element binding protein, HAT-histone acetytransferase.
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and redifferentiation upon receiving the TH signal (Hasebe et al.,
2011; Ishizuya-Oka et al., 2009; Ishizuya-Oka et al., 2014; Ishizuya-
Oka, 2005). Epithelial and mesenchymal interactions involving,
hedgehog, bone morphogenic protein, and non-canonical wnt
signaling are required to establish adult intestinal stem cell in
their niche during development. Understanding of the origin of
intestinal stem cells in frogs will help elucidate developmental
mechanisms in humans and may provide avenues or methods to
direct differentiation pathways towards intestinal stem cells from
iPS cells.
Future prospects
Molecular mechanisms of gene regulation and developmental
roles of hormones are complex involving transcriptional and
epigenetic machinery that vary among cell types, hormone inter-
actions at multiple levels, and cellcell interactions (Fowden and
Forhead, 2009; Fowden and Forhead, 2013; Hillman et al., 2012).
Study of frog metamorphosis has contributed greatly towards
understand this complexity (Brown and Cai, 2007; Gilbert et al.,
1996; Grimaldi et al., 2013) and continued development of the frog
tool kit, including transgenic animals and gene knockout technol-
ogy, will promote future insights. Open questions include studying
the role of non-genomic actions of TH and GCs in development,
identifying how other hormone systems inﬂuence TH action in
development, and determining the roles of epigenetic modiﬁers.
These questions are currently being addressed by transgenic
overexpression or nuclease-mediated knockout using gene knock-
out technology to target hormone production, hormone receptors,
and epigenetic modiﬁers.
The roles of epigenetic modiﬁcations are of particular interest
regarding the developmental origin of adult disease (Braun et al.,
2013; Moisiadis and Matthews, 2014; Vickers, 2014). Environment-
dependent hormone action, mediated especially by GCs, is likely to
underlie the environmental inﬂuence on the epigenome responsible
for developmental programming. The complex interactions between
GCs and TH during development and the actions of these hormones
on epigenetic modiﬁcations point to a value for frog metamorphosis.
Indeed, developmental programming of GC physiology has been
determined in Xenopus and the TH gene regulation cascade includes
many epigenetic modiﬁers (Grimaldi et al., 2013; Hu et al., 2008).
Further study of the endocrine basis of epigenetic signatures laid
down during development is critical to understand the mechanisms
of developmental programming.
Frogs are the most closely related animals to humans with
aquatic, free-living embryos and larva. As such, frogs have been a
useful testing ground for small molecule therapeutics and EDCs as
an in-vivo developmental model (Fini et al., 2007; Préau et al.,
2015; Wheeler and Liu, 2012). Humans are exposed to thousands
of chemicals, not all of which have been tested for teratogenic or
endocrine disruption potential (Colborn et al., 1993). A major arm
of ensuring continued healthy human development is to derive
basic knowledge concerning the effects of chemicals that we are
exposed to during critical periods of human development. High
and medium-throughput screening efforts will continue to iden-
tify EDCs and additional studies will elucidate their modes of
action on vertebrate development (Hayes et al., 2010; Helbing et
al., 2010; Turque et al., 2005).
Unlike mammals, frogs have the amazing ability to regenerate
tail tips, hind limbs, and even transected spinal cords as tadpoles
(Gibbs et al., 2011; King et al., 2012; Lee-Liu et al., 2014; Slack et al.,
2008). Signiﬁcantly, this regenerative ability is lost during meta-
morphosis. Loss of the ability to regenerate can be induced by
treatment with TH, providing a model to pin point mechanisms
associated with regeneration that may be applicable to mammals.
Identifying the mechanistic basis of the TH-initiated blockade to
regeneration is a fascinating future goal with implications for
understanding the mammalian inability to regenerate body parts
and for potential therapies in human spinal cord injury and limb
amputation.
Conclusions
Frogs, ﬁsh, and mice all have unique features with respect to
humans, and some of these unique features provide valuable
advantages for use in understanding the human condition. As
presented in this review, the molecular, endocrine, and develop-
mental mechanisms of TH actions and hormone interactions
during metamorphosis are unique strengths of the frog model to
understand human perinatal development. Taking advantage of
the frog model is valuable because of the vital and numerous
developmental roles of TH and GCs for proper development in
humans and because of the potential impact of endocrine disrupt-
ing chemicals on development. A pragmatic approach to elucidat-
ing the role of hormone action and interactions during the human
perinatal period is to conduct exploratory studies in frogs. Then,
the high degree of conservation in molecular and endocrine
mechanisms during development makes it likely that many dis-
coveries in frogs can be translated to mice and humans. In
addition, developmental events, such as red blood cell switching,
gene switching in liver, and skin development, are not hormone
dependent in humans but common developmental mechanisms
can be analyzed using TH-dependent development in frogs.
References
Abe, S., Katagiri, T., Saito-Hisaminato, A., Usami, S.-., Inoue, Y., Tsunoda, T.,
Nakamura, Y., 2003. Identiﬁcation of CRYM as a candidate responsible for
non-syndromic deafness through cDNA microarray analysis of human cochlear
and vestibular tissues. Am. J. Human Genet. 72, 73–82.
Allen, B.M., 1938. The endocrine control of amphibian metamorphosis. Biol. Rev. 13,
1–19.
Bagamasbad, P.D., 2012. Molecular mechanism of nuclear hormone receptor
transcriptional synergy and autoinduction. PhD Dissertation, University of
Michigan.
Bagamasbad, P., Howdeshell, K.L., Sachs, L.M., Demeneix, B.A., Denver, R.J., 2008. A
role for basic transcription element-binding protein 1 (BTEB1) in the auto-
induction of thyroid hormone receptor beta. J. Biol. Chem. 283, 2275–2285.
Barker, P.M., Walters, D.V., Markiewicz, M., Strang, L.B., 1991. Development of the
lung liquid reabsorptive mechanism in fetal sheep: synergism of triiodothyr-
onine and hydrocortisone. J. Physiol. 433, 435–449.
Bernal, J., Morte, B., 2013. Thyroid hormone receptor activity in the absence of
ligand: physiological and developmental implications. Biochim. Biophys. Acta
1830, 3893–3899.
Biondi, B., Cooper, D.S., 2008. The clinical signiﬁcance of subclinical thyroid
dysfunction. Endocr. Rev. 29, 76–131.
Bonett, R.M., Hoopfer, E.D., Denver, R.J., 2010. Molecular mechanisms of corticos-
teroid synergy with thyroid hormone during tadpole metamorphosis. Gen.
Comp. Endocrinol. 168, 209–219.
Braun, T., Challis, J.R., Newnham, J.P., Sloboda, D.M., 2013. Early-life glucocorticoid
exposure: the hypothalamicpituitaryadrenal axis, placental function, and
long-term disease risk. Endocr. Rev. 34, 885–916.
Brown, D.D., Cai, L., 2007. Amphibian metamorphosis. Dev. Biol. 306, 20–33.
Brown, D.D., Wang, Z., Kanamori, A., Eliceiri, B., Furlow, J.D., Schwartzman, R., 1995.
Amphibian metamorphosis: a complex program of gene expression changes
controlled by the thyroid hormone. Recent Prog. Horm. Res. 50, 309–315.
Buchholz, D.R., Hsia, S.C., Fu, L., Shi, Y.B., 2003. A dominant-negative thyroid
hormone receptor blocks amphibian metamorphosis by retaining corepressors
at target genes. Mol. Cell. Biol. 23, 6750–6758.
Buchholz, D.R., Paul, B.D., Fu, L., Shi, Y.B., 2006. Molecular and developmental
analyses of thyroid hormone receptor function in Xenopus laevis, the African
clawed frog. Gen. Comp. Endocrinol. 145, 1–19.
Carr, B.R., Parker Jr, C.R., Madden, J.D., MacDonald, P.C., Porter, J.C., 1981. Maternal
adrenocorticotropin and cortisol relationships throughout human pregnancy.
Am. J. Obstet. Gynecol. 139, 416–422.
Choi, J., Suzuki, K.T., Sakuma, T., Shewade, L., Yamamoto, T., Buchholz, D.R., 2015.
Unliganded thyroid hormone receptor alpha regulates developmental timing
via gene repression as revealed by gene disruption in Xenopus tropicalis.
Endocrinology 156, 735–744.
D.R. Buchholz / Developmental Biology 408 (2015) 188–195 193
Colborn, T., vom Saal, F.S., Soto, A.M., 1993. Developmental effects of endocrine-
disrupting chemicals in wildlife and humans. Environ. Health Perspect. 101,
378–384.
Damm, K., Thompson, C.C., Evans, R.M., 1989. Protein encoded by v-erbA functions
as a thyroid-hormone receptor antagonist. Nature 339, 593–597.
de Cock, M., de Boer, M.R., Lamoree, M., Legler, J., van de Bor, M., 2014. First year
growth in relation to prenatal exposure to endocrine disruptors — a dutch
prospective cohort study. Int. J. Environ. Res. Public Health 11, 7001–7021.
Delange, F.M., 2005. Endemic cretinism. In: Braverman, L.E., Utiger, R.D. (Eds.),
Werner & Ingbar’s The Thyroid: A Fundamental and Clinical Text, 9th ed.
Lippincott Williams and Wilkins, Philadelphia, pp. 731–744.
Denver, R.J., Williamson, K.E., 2009. Identiﬁcation of a thyroid hormone response
element in the mouse Krüppel-like factor 9 gene to explain its postnatal
expression in the brain. Endocrinology 150, 3935–3943.
Denver, R.J., 2013. Neuroendocrinology of amphibian metamorphosis. Curr. Top.
Dev. Biol. 103, 195–227.
Denver, R.J., Glennemeier, K.A., Boorse, G.C., 2009. Endocrinology of complex life
cycles: amphibians. In: Pfaff, D.W., Arnold, A.P., Etgen, A.M., Fahrbach, S.E.,
Ruben, R.T. (Eds.), Hormones, Brain and Behavior, 2nd ed. Academic Press, San
Diego, pp. 707–707-744.
DiVall, S.A., 2013. The inﬂuence of endocrine disruptors on growth and develop-
ment of children. Curr. Opin. Endocrinol., Diabetes Obes. 20, 50–55.
Dodd, M.H.I., Dodd, J.M., 1976. The biology of metamorphosis. In: Lofts, B. (Ed.),
1976. Physiology of the Amphibia; Academic Press, New York, pp. 467–599.
El Maraghi-Ater, H., Mesnard, J., Hourdry, J., 1986. Hormonal control of the
intestinal brush border enzyme activities in developing anuran amphibians: I.
effects of hydrocortisone and insulin during and after spontaneous metamor-
phosis. Gen. Comp. Endocrinol. 61, 53–63.
Fini, J.-., Le Mevel, S., Turque, N., Palmier, K., Zalko, D., Cravedi, J., Demeneix, B.A.,
2007. An in vivo multiwell-based ﬂuorescent screen for monitoring vertebrate
thyroid hormone disruption. Environ. Sci. Technol. 41, 5908–5914.
Flamant, F., Samarut, J., 2003. Thyroid hormone receptors: lessons from knockout
and knock-in mutant mice. Trends Endocrinol. Metab. 14, 85–90.
Forhead, A.J., Curtis, K., Kaptein, E., Visser, T.J., Fowden, A.L., 2006. Developmental
control of iodothyronine deiodinases by cortisol in the ovine fetus and placenta
near term. Endocrinology 147, 5988–5994.
Forhead, A.J., Cutts, S., Matthews, P.A., Fowden, A.L., 2009. Role of thyroid hormones
in the developmental control of tissue glycogen in fetal sheep near term. Exp.
Physiol. 94, 1079–1087.
Forhead, A.J., Fowden, A.L., 2014. Thyroid hormones in fetal growth and prepartum
maturation. J. Endocrinol. 221, R87–R103.
Fowden, A.L., 1995. Endocrine regulation of fetal growth. Reproduc., Fertil. Dev. 7,
351–363.
Fowden, A.L., Forhead, A.J., 2009. Hormones as epigenetic signals in developmental
programming. Exp. Physiol. 94, 607–625.
Fowden, A.L., Forhead, A.J., 2013. Endocrine interactions in the control of fetal
growth. In: Bhatia, J., Bhutta, Z.A., Kalhan, S.C. (Eds.), Maternal and Child
Nutrition: The First 1000 days. Karger, Basel, pp. 91–102.
Fowden, A.L., Juan, Li, J., Forhead, A.J., 1998. Glucocorticoids and the preparation for
life after birth: are there long-term consequences of the life insurance? Proc.
Nutr. Soc. 57, 113–122.
Fowden, A.L., Mapstone, J., Forhead, A.J., 2001. Regulation of glucogenesis by
thyroid hormones in fetal sheep during late gestation. J. Endocrinol. 170,
461–469.
Fox, H., 1983. Amphibian Morphogenesis. Humana Press, Clifton, NJ.
Frieden, E., Just, J.J., 1970. Hormonal responses in amphibian metamorphosis. In:
Litwack, G. (Ed.), Biochemical Actions of Hormones. Academic Press, New York,
pp. 1–52.
Fudvoye, J., Bourguignon, J.-., Parent, A.-., 2014. Endocrine disrupters chapter one –
endocrine-disrupting chemicals and human growth and maturation: a focus on
early critical windows of exposure. Vitam. Horm. 94, 1–25.
Furlow, J.D., Yang, H.Y., Hsu, M., Lim, W., Ermio, D.J., Chiellini, G., Scanlan, T.S., 2004.
Induction of larval tissue resorption in Xenopus laevis tadpoles by the thyroid
hormone receptor agonist GC-1. J. Biol. Chem. 279, 26555–26562.
Galton, V.A., 1990. Mechanisms underlying the acceleration of thyroid hormone-
induced tadpole metamorphosis by corticosterone. Endocrinology 127,
2997–3002.
Gibbs, K.M., Chittur, S.V., Szaro, B.G., 2011. Metamorphosis and the regenerative
capacity of spinal cord axons in Xenopus laevis. Eur. J. Neurosci. 33, 9–25.
Gies, E., 2013. Unhealthy glow: ﬂuorescent tadpoles expose chemical contamina-
tion. Scientiﬁc American, Feb. 13, 〈http://www.scientiﬁcamerican.com/article/
transgenic-tadpole-glows-to-reveal-chemical-contamination/〉.
Gilbert, L.I., Tata, J.R., Atkinson, B.G. (Eds.), 1996. Metamorphosis: Postembryonic
Reprogramming of Gene Expression in Amphibian and Insect Cells. Academic
Press, San Diego, CA.
Goldenberg, R.L., Culhane, J.F., Iams, J.D., Romero, R., 2008. Epidemiology and causes
of preterm birth. The Lancet 371, 75–84.
Goto, Y., Kitanura, S., Kashiwagi, K., Oofusa, K., Tooi, O., Yoshizato, K., Sato, J., Ohta,
S., Kashiwagi, A., 2006. Suppression of amphibian metamorphosis by bisphenol
A and related chemical substances. J. Health Sci. 52, 160–168.
Grier, D.G., Halliday, H.L., 2004. Effects of glucocorticoids on fetal and neonatal lung
development. Treat. Respir. Med. 3, 295–306.
Grimaldi, A., Buisine, N., Miller, T., Shi, Y.-., Sachs, L.M., 2013. Mechanisms of thyroid
hormone receptor action during development: lessons from amphibian studies.
Biochim. Biophys. Acta 1830, 3882–3892.
Hadj-Sahraoui, N., Seugnet, I., Ghorbel, M.T., Demeneix, B., 2000. Hypothyroidism
prolongs mitotic activity in the post-natal mouse brain. Neurosci. Lett. 280,
79–82.
Hanke, W., Leist, K.H., 1971. The effect of ACTH and corticosteroids on carbohydrate
metabolism during the metamorphosis of Xenopus laevis. Gen. Comp. Endocri-
nol. 16, 137–148.
Harris, A., Seckl, J., 2011. Glucocorticoids, prenatal stress and the programming of
disease. Horm. Behav. 59, 279–289.
Hasebe, T., Buchholz, D.R., Shi, Y.B., Ishizuya-Oka, A., 2011. Epithelialconnective
tissue interactions induced by thyroid hormone receptor are essential for adult
stem cell development in the Xenopus laevis intestine. Stem Cells 29, 154–161.
Hayes, T.B., Case, P., Chui, S., Chung, D., Haeffele, C., Haston, K., Lee, M., Mai, V.P.,
Marjuoa, Y., Parker, J., Tsui, M., 2006. Pesticide mixtures, endocrine disruption,
and amphibian declines: are we understanding the impact? Environ. Health
Perspect. 114, 40–50.
Hayes, T.B., Khoury, V., Narayan, A., Nazir, M., Park, A., Brown, T., Adame, L., Chan, E.,
Buchholz, D., Stueve, T., Gallipeau, S., 2010. Atrazine induces complete femin-
ization and chemical castration in male African clawed frogs (Xenopus laevis).
Proc. Natl. Acad. Sci. USA 107, 4612–4617.
Heimeier, R.A., Shi, Y.-., 2010. Amphibian metamorphosis as a model for studying
endocrine disruption on vertebrate development: effect of bisphenol A on
thyroid hormone action. Gen. Comp. Endocrinol. 168, 181–189.
Heimeier, R.A., Das, B., Buchholz, D.R., Shi, Y.B., 2009. The xenoestrogen bisphenol A
inhibits postembryonic vertebrate development by antagonizing gene regula-
tion by thyroid hormone. Endocrinology 150, 2964–2964-2973.
Helbing, C.C., Maher, S.K., Han, J., Gunderson, M.P., Borheras, C., 2010. Peering into
molecular mechanisms of action with frogSCOPE. Gen. Comp. Endocrinol. 168,
190–198.
Henning, S.J., Rubin, D.C., Shulman, R.J., 1994. Ontogeny of the intestinal mucosa. In:
Johnson, L.R. (Ed.), Physiology of the Gastrointestinal Tract. Raven Press, New
York, NY, pp. 571–610, Chapter 13.
Hillman, N.H., Kallaour, S.G., Jobe, A., 2012. Physiology of transition from intrau-
terine to extrauterine life. Clin. Perinatal. 39, 769–783.
Hu, F., Crespi, E.J., Denver, R.J., 2008. Programming neuroendocrine stress axis
activity by exposure to glucocorticoids during postembryonic development of
the frog, Xenopus laevis. Endocrinology 149, 5470–5481.
Hume, R., Simpson, J., Delahunty, C., Van Toor, H., Wu, S.Y., Williams, F.L.R., Visser, T.
J., Scottish Preterm Thyroid Group, 2004. Human fetal and cord serum thyroid
hormones: developmental trends and interrelationships. J. Clin. Endocrinol.
Metabol. 89, 4097–4103.
Ishizuya-Oka, A., 2011. Amphibian organ remodeling during metamorphosis:
Insight into thyroid hormone-induced apoptosis. Dev. Growth Differ. 53,
202–212.
Ishizuya-Oka, A., Hasebe, T., Buchholz, D.R., Kajita, M., Fu, L., Shi, Y., 2009. The origin
of the adult intestinal stem cells induced by thyroid hormone in Xenopus laevis.
FASEB J. 23, 2568–2568-2575.
Ishizuya-Oka, A., Kajita, M., Hasebe, T., 2014. Thyroid hormone-regulated Wnt5a/
Ror2 signaling is essential for dedifferentiation of larval epithelial cells into
adult stem cells in the Xenopus laevis intestine. PloS One 9, e107611.
Ishizuya-Oka, A., Shi, Y.-., 2011. Evolutionary insights into postembryonic develop-
ment of adult intestinal stem cells. Cell Biosci. 1, 37.
Ishizuya-Oka, A., 1996. Apoptosis of larval cells during amphibian metamorphosis.
Microsc. Res. Tech. 34, 228–235.
Ishizuya-Oka, A., 2005. Epithelialconnective tissue cross-talk is essential for
regeneration of intestinal epithelium. J. Nippon Med. School 72, 13–18.
Ishizuya-Oka, A., Shimozawa, A., 1991. Induction of metamorphosis by thyroid
hormone in anuran small intestine cultured organotypically in vitro. In Vitro
Cell. Dev. Biol. 27A, 853–857.
Iwamuro, S., Sakakibara, M., Terao, M., Ozawa, A., Kurobe, C., Shigeura, T., Kato, M.,
Kikuyama, S., 2003. Teratogenic and anti-metamorphic effects of bisphenol A
on embryonic and larval Xenopus laevis. Gen. Comp. Endocrinol. 133, 189–198.
Iwamuro, S., Yamada, M., Kato, M., Kikuyama, S., 2006. EffectsofbisphenolAon
thyroid hormone-dependent up-regulation of thyroid hormone receptor α and
β and down-regulation of retinoid X receptor X in Xenopus tail culture. Life Sci
279, 2165–2171.
Jolivet Jaudet, G., Leloup Hatey, J., 1984. Variations in aldosterone and corticoster-
one plasma levels during metamorphosis in Xenopus laevis tadpoles. Gen.
Comp. Endocrinol. 56, 59–65.
Kawahara, K., Yokoya, S., 2002. Establishment of reference intervals of thyrotropin
and free thyroid hormones during the ﬁrst week of life. Clin. Pediatr.
Endocrinol. 11, 1–9.
King, M.W., Neff, A.W., Mescher, A.L., 2012. The developing Xenopus limb as a
model for studies on the balance between inﬂammation and regeneration.
Anat. Rec. 295, 1552–1561.
Kollros, J.J., 1981. Transitions in the nervous system during amphibian metamor-
phosis. In: Gilbert, L.I., Frieden, E. (Eds.), Metamorphosis: A Problem in
Developmental Biology, 2nd Edition Plenum Press, New York,
pp. 445–460, Chapter 13.
Kulkarni, S.S., Buchholz, D.R., 2012. Beyond synergy: corticosterone and thyroid
hormone have numerous interaction effects on gene regulation in Xenopus
tropicalis tadpoles. Endocrinology 153, 5309–5324.
Kulkarni, S.S., Buchholz, D.R., 2014. Corticosteroid signaling in frog metamorphosis.
Gen. Comp. Endocrinol. 203, 225–231.
Lamers, W.H., Mooren, P.G., Griep, H., Endert, E., Degenhart, H.J., Charles, R., 1986.
Hormones in perinatal rat and spiny mouse: relation to altricial and precocial
D.R. Buchholz / Developmental Biology 408 (2015) 188–195194
timing of birth. Am. J. Physiol.  Endocrinol. Metabol. 251 (1), pp. 14/1 251,
E78-E85.
Lee-Liu, D., Moreno, M., Almonacid, L.I., Tapia, V.S., Muñoz, R., von Marées, J., Gaete,
M., Melo, F., Larraín, J., 2014. Genome-wide expression proﬁle of the response to
spinal cord injury in Xenopus laevis reveals extensive differences between
regenerative and non-regenerative stages. Neural Develop. 9, 12.
Leloup, J., Buscaglia, M., 1977. La triiodothyronine, hormone de la metamorphose
des amphibiens. C. R. Acad. Sci. Ser. D 284 (2261), 2261–2263.
Liggins, G.C., 1994. The role of cortisol in preparing the fetus for birth. Reprod. Fertil.
Dev. 6, 141–150.
Lim, W., Nguyen, N.H., Yang, H.Y., Scanlan, T.S., Furlow, J.D., 2002. A thyroid
hormone antagonist that inhibits thyroid hormone action in vivo. J. Biol. Chem.
277, 35664–35670.
Mai, W., Janier, M.F., Allioli, N., Quignodon, L., Chuzel, T., Flamant, F., Samarut, J.,
2004. Thyroid hormone receptor alpha is a molecular switch of cardiac function
between fetal and postnatal life. Proc. Natl. Acad. Sci. USA 101, 10332–10337.
McAvoy, J., Dixon, K., 1977. Cell proliferation and renewal in the small intestine
epithelium of metamorphosing and adult Xenopus laevis. J. Exp. Zool. 202,
129–138.
Mendelson, C.R., Boggaram, V., 1991. Hormonal control of the surfactant system in
fetal lung. Ann. Rev. Physiol. 53, 415–440.
Mileva, G., Baker, S.L., Konkle, A.T.M., Bielajew, C., 2014. Bisphenol-A: epigenetic
reprogramming and effects on reproduction and behavior. Int. J. Environ. Res.
Public Health 11, 7537–7561.
Moisiadis, V.G., Matthews, S.G., 2014. Glucocorticoids and fetal programming Part
2: mechanisms. Nat. Rev. Endocrinol. 10, 403–411.
Montgomery, R.K., Mulberg, A.E., Grand, R.J., 1999. Development of the human
gastrointestinal tract: twenty years of progress. Gastroenterology 116, 702–731.
Morte, B., Manzano, J., Scanlan, T., Vennström, B., Bernal, J., 2002. Deletion of the
thyroid hormone receptor alpha 1 prevents the structural alterations of the
cerebellum induced by hypothyroidism. Proc. Natl. Acad. Sci. 99, 3985–3989.
Nunez, J., Celi, F.S., Ng, L., Forrest, D., 2008. Multigenic control of thyroid hormone
functions in the nervous system. Mol. Cell. Endocrinol. 287, 1–12.
Patel, J., Landers, K., Li, H., Mortimer, R.H., Richard, K., 2011. Thyroid hormones and
fetal neurological development. J. Endocrinol. 209, 1–8.
Paul, B.D., Buchholz, D.R., Fu, L., Shi, Y.B., 2007. SRC-p300 coactivator complex is
required for thyroid hormone-induced amphibian metamorphosis. J. Biol.
Chem. 282, 7472–7481.
Paul, B.D., Fu, L., Buchholz, D.R., Shi, Y.B., 2005. Coactivator recruitment is essential
for liganded thyroid hormone receptor to initiate amphibian metamorphosis.
Mol. Cell. Biol. 25, 5712–5724.
Plateroti, M., Chassande, O., Fraichard, A., Gauthier, K., Freund, J.-., Samarut, J.,
Kedinger, M., 1999. Involvement of T3Ra- and b-receptor subtypes in mediation
of T3 functions during postnatal murine intestinal development. Gastroenter-
ology 116, 1367–1378.
Préau, L., Fini, J.B., Morvan-Dubois, G., Demeneix, B., 2015. Thyroid hormone
signaling during early neurogenesis and its signiﬁcance as a vulnerable window
for endocrine disruption. Biochim. Biophys. Acta (BBA)  Gene Regul. Mech.
1849 (2), 112–121.
Ratman, D., Berghe, W.V., Dejager, L., Libert, C., Tavernier, J., Beck, I.M., De Bosscher,
K., 2013. How glucocorticoid receptors modulate the activity of other transcrip-
tion factors: a scope beyond tethering. Mol. Cell. Endocrinol. 380, 41–54.
Refetoff, S., 2005. Resistance to thyroid hormone. In: Braverman, L.E., Utiger, R.D.
(Eds.), Werner & Ingbar’s The Thyroid: A Fundamental and Clinical Text, 9th ed.
Lippincott Williams and Wilkins, Philadelphia, pp. 1109–1129.
Reinisch, J.M., Simon, N.G., Karwo, W.G., 1978. Prenatal exposure to prednisone in
humans and animals retards intra-uterine growth. Science 202, 436–438.
Reynolds, R.M., 2013. Glucocorticoid excess and the developmental origins of
disease: Two decades of testing the hypothesis — 2012 Curt Richter Award
Winner. PSychoneuroendocrinology 38, 1–11.
Rollins-Smith, L.A., Barker, K.S., Davis, A.T., 1997. Involvement of glucocorticoids in
the reorganization of the amphibian immune system at metamorphosis. Dev.
Immunol. 5, 145–152.
Sachs, L.M., Shi, Y.B., 2000. Targeted chromatin binding and histone aceylation
in vivo by thyroid hormone receptor during amphibian develoment. Proc. Natl.
Acad. Sci. 97, 13138–13143.
Sachs, L.M., Damjanovski, S., Jones, P.L., Li, Q., Amano, T., Ueda, S., Shi, Y.B., Ishizuya-
Oka, A., 2000. Dual functions of thyroid hormone receptors during Xenopus
development. Comp. Biochem. Physiol. B. Biochem. Mol. Biol. 126, 199–211.
Säfholm, M., Ribbenstedt, A., Fick, F., Berg, C., 2014. Risks of hormonally active
pharmaceuticals to amphibians: a growing concern regarding progestagens.
Philos. Trans. R. Soc. B 369, 20130577.
Sap, J., Munoz, A., Schmitt, J., Stunnenberg, H., Vennstrom, B., 1989. Repression of
transcription mediated at a hyroid hormone response element by the v-erb-A
oncogene product. Nature 340, 242–244.
Sato, Y., Buchholz, D.R., Paul, B.D., Shi, Y.B., 2007. A role of unliganded thyroid
hormone receptor in postembryonic development in Xenopus laevis. Mech. Dev.
124, 476–488.
Schug, T.T., Janesick, A., Blumberg, B., Heindel, J.J., 2011. Endocrine disrupting
chemicals and disease susceptibility. J. Steroid Biochem. Mol. Biol. 127,
204–215.
Searcy, B.T., Beckstrom-Sternberg, S.M., Beckstrom-Sternberg, J.S., Stafford, P.,
Schwendiman, A.L., Soto-Pena, J., Owen, M.C., Ramirez, C., Phillips, J., Veldhoen,
N., Helbing, C.C., Propper, C.R., 2012. Thyroid hormone-dependent development
in Xenopus laevis: a sensitive screen of thyroid hormone signaling disruption by
municipal wastewater treatment plant efﬂuent. Gen. Comp. Endocrinol. 176,
481–492.
Sferruzzi-Perri, A.N., Vaughan, O.R., Forhead, A.J., Fowden, A.L., 2013. Hormonal and
nutritional drivers of intrauterine growth. Curr. Opin. Clin. Nutr. 16, 298–309.
Shi, Y., 1999. Amphibian Metamorphosis: From Morphology to Molecular Biology.
Wiley-Liss, Inc, New York.
Shi, Y.B., 2009. Dual functions of thyroid hormone receptors in vertebrate devel-
opment: the roles of histone-modifying cofactor complexes. Thyroid 19,
987–999.
Shi, Y.B., Ishizuya-Oka, A., 1996. Biphasic intestinal development in amphibians:
embryogenesis and remodeling during metamorphosis. Curr. Top. Dev. Biol. 32,
205–235.
Shi, Y.B., Ishizuya-Oka, A., 2001. Thyroid hormone regulation of apoptotic tissue
remodeling: implications from molecular analysis of amphibian metamorpho-
sis. Prog. Nucleic Acid Res. Mol. Biol. 65, 53–100.
Sirakov, M., Plateroti, M., 2011. The thyroid hormones and their nuclear receptors in
the gut: from developmental biology to cancer. Biochim. Biophys. Acta 1812,
938–946.
Slack, J.M.W., Lin, G., Chen, Y., 2008. The Xenopus tadpole: a new model for
regeneration research. Cell. Mol. Life Sci. 65, 54–63.
Tata, J.R., 1993. Gene expression during metamorphosis: an ideal model for post-
embryonic development. Bioessays 15 (239), 239–248.
Tata, J.R., 1965. Turnover of nuclear and cytoplasmic ribonucleic acid at the onset of
induced amphbian metamorphosis. Nature 204, 378–381.
Tata, J.R., 1966. Requirement for RNA and protein synthesis for induced regression
of the tadpole tail. Dev. Biol. 13, 77–94.
Trahair, J.F., Sangild, P.T., 1997. Systemic and luminal inﬂuences on the perinatal
development of the gut. Equine Vet. J. Supplement 24, 40–50.
Turque, N., Palmier, K., Le Mével, S., Alliot, C., Demeneix, B.A., 2005. A rapid,
physiologic protocol for testing transcriptional effects of thyroid-disrupting
agents in premetamorphic Xenopus tadpoles. Environ. Health Perspect. 113,
1588–1593.
Van Vliet, G., 2005. Hypothyroidism in infants and children: congenital hypothyr-
oidism. In: Braverman, L.E., Utiger, R.D. (Eds.), Werner & Ingar’s The Thyroid A
Fundamental and Clinical Text, 9th ed. Lippincott Williams & Wilkins, Phila-
delphia, PA, pp. 1033–1041.
Vickers, M.H., 2014. Early Life Nutrition, Epigenetics and Programming of Later Life
Disease. Nutrients 6, 2165–2178.
Visser, W.E., Friesema, E.C., Visser, T.J., 2010. Minireview: Thyroid Hormone
Transporters: The Knowns and the Unknowns. Mol. Endocrinol..
Wada, H., 2008. Glucocorticoids: Mediators of vertebrate ontogenetic transitions.
Gen. Comp. Endocrinol. 156, 441–453.
Wang, L.-., Chen, W.-., Chen, C.-., 2014. Preterm birth trend in Taiwan from 2001 to
2009. J. Obstet. Gynaecol. Res. 40, 1547–1554.
Wasan, S.M., Sellin, J.H., Vassilopoulou-Sellin, R., 2005. Chapter 56: The gastro-
intestinal tract and liver in hypothyroidism. In: Braverman, L.E., Utiger, R.D.
(Eds.), Werner and Ingbar’s The Thyroid: A Fundamental and Clinical Text, 9th
ed. Lippincott Williams and Wilkins, Philadelphia, pp. 796–802.
Wen, L., Shi, Y.-., 2015. Unliganded thyroid hormone receptor α controls develop-
mental timing in Xenopus tropicalis. Endocrinology 156, 721–734.
Wheeler, G.N., Liu, K.J., 2012. Xenopus: an ideal system for chemical genetics.
Genesis 50, 207–218.
Winter, H., Braig, C., Zimmermann, U., Engel, J., Rohbock, K., Knipper, M., 2007.
Thyroid hormone receptor alpha1 is a critical regulator for the expression of ion
channels during ﬁnal differentiation of outer hair cells. Histochem. Cell Biol.
128, 65–75.
Yaoita, Y., Shi, Y., Brown, D., 1990. Xenopus laevis alpha and beta thyroid hormone
receptors. Proc. Natl. Acad. Sci. USA 87, 8684.
D.R. Buchholz / Developmental Biology 408 (2015) 188–195 195
